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Abstract
This study has identified single-nucleotide polymorphism (SNP) markers associated with nine yield-related traits in pigeon-
pea by using two backcross populations (BP) developed through interspecific crosses and evaluating them at two locations 
and 3 years. In both the populations, markers have shown strong segregation distortion; therefore, a quantitative trait locus 
(QTL) mapping mixed model was used. A total of 86 QTLs explaining 12–21% phenotypic variation were detected in BP-1. 
On the other hand, 107 QTLs explaining 11–29% phenotypic variation were detected in BP-2. Although most QTLs were 
environment and trait specific, few stable and consistent QTLs were also detected. Interestingly, 11 QTLs in BP-2 were 
associated with more than one trait. Among these QTLs, eight QTLs associated with days to 50% flowering and days to 
75% maturity were located on CcLG07. One SNP “S7_14185076” marker in BP-2 population has been found associated 
with four traits, namely days to 50% flowering, days to 75% maturity, primary branches per plant and secondary branches 
per plant with positive additive effect. Hence, the present study has not only identified QTLs for yield-related traits, but also 
discovered novel alleles from wild species, which can be used for improvement of traits through genomics-assisted breeding.
Introduction
Pigeonpea (Cajanus cajan (L.) Millspaugh) is the only 
domesticated species of genus Cajanus. It is a highly valued 
protein-rich legume crop grown on about 7 million hectares 
as a field and/or backyard crop in about 82 countries around 
the globe. The genus Cajanus contains a total of 32 species 
(van der Maesen 1986, 1990) grouped into three gene pools 
(GP) with cultivated pigeonpea in primary gene pool (GP1), 
cross-compatible wild species in the secondary gene pool 
(GP2) and the cross-incompatible wild species in the tertiary 
gene pool (GP3) (Bohra et al. 2010). Pigeonpea productiv-
ity has remained stagnant at around 700–750 kg/ha (Saxena 
et al. 2015) although further gain in productivity should 
be possible by enhancing the genetic base of cultivated 
material either through complex crossing schemes such as 
multi-parent advanced generation intercrossing (MAGIC) 
or through bringing novel alleles from wild species (Saxena 
et al. 2018c).
Wild Cajanus species are the reservoir of many use-
ful genes including resistance to diseases and insect pests 
that were eliminated from the cultivated gene pools during 
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the domestication and breeding process (Varshney et al. 
2017). Therefore, wild species carrying favorable alleles 
possess great potential for pigeonpea improvement (Aruna 
et al. 2005). Development of interspecific populations such 
as backcross populations (BP), introgression lines (ILs), 
chromosome segment substitution lines (CSSLs) and near-
isogenic lines (NILs) via backcrossing is a well-accepted 
approach being used for introgression of favorable alleles 
into cultivated genotypes. Backcross populations are 
advanced through a series of backcrossing the donor and 
recipient parents and multiple rounds of selfing to reach the 
stage of ILs and CSSLs. While early-generation backcross 
populations such as  BC1F1,  BC1F2s (Khera et al. 2019) and 
 BC2F2s (Swamy et al. 2012) have been useful in trait map-
ping studies in different crops, advanced backcross popu-
lations such as ILs, CSSLs and NILs have been proven 
invaluable resource for mapping, cloning and gene interac-
tions for the beneficial genomic segments or quantitative 
trait loci (QTLs) governing important agronomic traits in 
a number of crop species. However, precise genotyping 
and phenotyping information on above-mentioned popu-
lations is required to identify the short chromosome seg-
ments and associate them with trait value for their applica-
tions in breeding. For instance, IL populations were used 
for identification and isolation of several candidate genes 
responsible for agronomic traits in tomato (Rousseaux et al. 
2005; Schauer et al. 2006; Bermudez et al. 2008; Perez-
Fons et al. 2014). In the case of rice, CSSLs and NILs were 
used in fine mapping of QTL regions for grain length (Wan 
et al. 2006), grain width (Wan et al. 2008), flowering time 
(Thomson et al. 2006) and other economically important 
traits (Wang et al. 2007; Xu et al. 2010; Chen et al. 2014; 
Subudhi et al. 2015; Qiu et al. 2017). Barley is another crop 
where CSSLs were extensively used for identification of 
QTLs for morphological traits (Gyenis et al. 2007), agro-
nomic traits (von Korff et al. 2006; Schmalenbach et al. 
2009; Schmalenbach and Pillen 2009), disease resistance 
(Yun et al. 2006), etc. Similar examples are also available 
in many other crop species. Because of limitations aris-
ing due to incompatibility barriers, limited recombination 
and linkage drag, only few wild species can be used for 
pigeonpea improvement (Saxena et al. 2018a). Further, 
effective use of wild germplasm in crop improvement will 
also require surveys of accessions at the genome scale, 
identification of adaptive alleles to environmental extremes 
and incorporation of the novel alleles from wild species 
into cultivated backgrounds.
Application of genomics has accelerated the develop-
ment/characterization of backcross/advanced backcross pop-
ulations and facilitated introgression of favorable alleles into 
elite breeding backgrounds. This approach is proved useful 
in discovery of novel alleles from wild species for agro-
nomical important traits (Wang et al. 1992; Song et al. 1995; 
Zamir 2001; Periyannan et al. 2013). However, no such 
efforts have been undertaken in pigeonpea using interspe-
cific backcross populations. On the other hand, availability 
of draft genome (Varshney et al. 2012), re-sequencing data 
(Kumar et al. 2016; Varshney et al. 2017), molecular mark-
ers (Bohra et al. 2011, 2012; Saxena et al. 2012, 2018c), cou-
pled with advances in next-generation sequencing including 
genotyping-by-sequencing (GBS) (Saxena et al. 2017a, c, 
2018b) and Axiom Cajanus SNP array (Saxena et al. 2018c; 
Yadav et al. 2019), has further reduced the cost of high-
throughput genotyping and increased the resolution of trait 
mapping in a number of intraspecific populations in pigeon-
pea. For instance, economically important traits including 
disease resistance (Saxena et al. 2017a, c), restoration of 
fertility (Saxena et al. 2018b), growth habit (Saxena et al. 
2017b), seed protein content (Obala et al. 2019), high-selfing 
flower and seed quality traits (Yadav et al. 2019) have been 
mapped in pigeonpea.
In view of the above, this study used two backcross popu-
lations (BP) developed using C. acutifolius and C. cajanifo-
lius and cultivated pigeonpea (Sharma and Upadhyaya 2016; 
Sharma 2017). Cajanus acutifolius (ICPW 15613) and the 
interspecific derivatives C. acutifolius × C. cajan have shown 
resistance to Helicoverpa armigera (Jadhav et al. 2012), 
whereas C. cajanifolius (ICPW 29) is the immediate ances-
tor of C. cajan (Saxena et al. 2014; Varshney et al. 2017) and 
has been used in the development of A4-based cytoplasmic 
male sterility system in pigeonpea (Saxena et al. 2005). In 
this study, we report molecular and phenotypic characteriza-
tion of two backcross populations and their use in identifica-
tion of QTLs/novel alleles for several yield-related traits.
Material and methods
Plant material and field evaluation
Two backcross populations derived from “ICPL 
87119 × ICPW 15613” were designated as BP-1 with 149 
lines, and “ICPL 87119 × ICPW 29” was designated as BP-2 
population with 181 lines (Sharma and Upadhyaya 2016). 
The common recurrent parent ICPL 87119, popularly known 
as “Asha,” is a high-yielding, large-seeded, widely adapted, 
resistant to fusarium wilt and sterility mosaic diseases 
pigeonpea variety, released in the Central and South zones 
of India in 1992 (ICRISAT 1993). It is important to note 
that a number of genetic and genomic resources including 
draft genome have been developed for this variety (Varshney 
et al. 2012). Two Cajanus species, namely C. acutifolius 
(ICPW 15613) and C. cajanifolius (ICPW 29), were used as 
donor parents in developing two pigeonpea backcross popu-
lations (Sharma and Upadhyaya 2016). Both the populations 
were developed by backcrossing with the recurrent parent 
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to generate  BC2F2 population (Fig. 1). The two backcross 
populations were evaluated for 3 years and two locations 
(continuously 2 years at one location).
BP-1 and BP-2 were grown at ICRISAT, Patancheru, for 
2012–2013 and 2013–2014 cropping seasons. Then, BP-1 
was grown at PJTSAU, ARS, Tandur, for 2013–2014 and 
2014–2015 cropping seasons and BP-2 was grown at UAS-
R, ARS, Gulbarga, for 2013–2014 and 2014–2015 cropping 
seasons. These populations were evaluated for nine yield 
and yield-related traits, viz. days to 50% flowering, days to 
75% maturity, plant height, primary branches per plant, sec-
ondary branches per plant, number of pods per plant, num-
ber of seeds per pod, seed weight and yield. During these 
3 years, the BP-1 and BP-2 populations were evaluated in 
 BC2F2,  BC2F3 and  BC2F4 generations. In order to correlate 
the  BC2F3 and  BC2F4 generations phenotyping data with the 
 BC2F2 plants, we have followed a line-to-progeny approach, 
which is a widely accepted approach. In summary, we have 
taken phenotyping data on 5–20 plants in three replications 
following alpha design in advanced generations represent-
ing line (where genotyping performed) from the previous 
generation.
Phenotyping data analysis
Analysis of variance was performed at individual locations 
for both the seasons considering random effect for replica-
tion and lines. Combined analysis of variance across loca-
tions and years was carried out using REML procedure of 
GenStat for Windows v19 (VSN International 2017) consid-
ering all effects as random and modeling individual environ-
ment (combination of year and location) error variances. 
Best linear unbiased predictors (BLUPs) were calculated 
for lines, environment and their interaction (G × E) effects. 
Broad-sense heritability, genetic advance and other genetic 
parameters were estimated for both individual and combined 
analyses.
Genotyping‑by‑sequencing (GBS)
Two to three young leaves from individual plants in both 
the populations and parental lines were used to isolate 
the genomic DNA using NucleoSpin Plant II kit (Mach-
erey–Nagel, Düren, Germany). The quality and quantity of 
DNA were checked on 0.8% agarose gel followed by Qubit 
2.0 fluorometer (Thermo Fisher Scientific Inc., USA). Ten 
nanograms of genomic DNA from each sample was restric-
tion digested using ApeKI (recognition site: G/CWCG) endo-
nuclease. The digested product was ligated with uniquely 
bar-coded adaptors using T4 DNA ligase enzyme and was 
further incubated at 22 °C for 1 h and heated at 65 °C for 
30 min to inactivate the T4 ligase. Such digested ligated 
products from each sample were mixed in equal proportion 
to construct the GBS libraries, which were then amplified 
and purified to remove excess adapters. The DNA librar-
ies were sequenced on HiSeq 2500 platform (Illumina Inc., 
San Diego, CA, USA) to generate genome-wide sequence 
reads. The generated GBS data were analyzed using a set of 
analytical and decision support tools for the identification 
and genotyping of single-nucleotide polymorphism (SNP) 
as mentioned in Saxena et al. (2017a, c).
Single‑nucleotide polymorphism (SNP) 
identification
A very straightforward strategy was utilized to analyze GBS 
data generated on both the populations. The SNPs were 
identified using TASSEL-GBS pipeline (Bradbury et al. 
2007). The GBS and whole genome re-sequencing (WGRS) 
(Kumar et al. 2016) data on parental lines were compared, 
and wherever possible, the missing SNPs from parental lines 
were called based on allele calls in WGRS data. Further, 
the SNPs with > 10% missing data and samples with > 20% 
missing data were excluded from downstream analysis.
Fig. 1  Scheme for the devel-
opment of the two pigeonpea 
backcross (BP) popula-
tions. The BP-1 population 
was derived from ICPL 
87119 × ICPW 15613 and BP-2 
population derived from ICPL 
87119 × ICPW 29
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Quantitative trait loci (QTL) mapping
Two approaches, viz. chromosome segment substitution 
line (CSSL) QTL mapping implemented in CSSL finder 
(Lorieux 2005) and mixed model approach implemented in 
TASSEL, were used for QTL analysis. In CSSL-based QTL 
studies, F test was used for each marker and for a given trait 
to evidence positions of QTLs. In the present study, a total of 
500 permutations were carried out and F test threshold value 
10 was used to identify QTL. In mixed model approach, first 
kinship relationships among samples were determined based 
on genotyping data. This kinship matrix along with genotyp-
ing and phenotyping data was used to identify significant 
marker trait associations (MTAs). The false-positive MTAs 
were removed using Bonferroni correction (P < 0.05).
Results
Development of backcross populations
Two backcross populations were developed successfully, 
namely BP-1 (ICPL 87119 × ICPW 15613) and BP-2 (ICPL 
87119 × ICPW 29) (Sharma and Upadhyaya 2016). While 
developing the BP-1 and BP-2 populations, six and three 
 F1s were selected, respectively, based on polymorphic mark-
ers between the parents. Subsequently selected  F1s were 
backcrossed with ICPL 87119 to produce  BC1F1 seeds. 
The  BC1F1 plants in both the crosses were raised and con-
firmed based on morphological features. Further, confirmed 
 BC1F1 plants were used for making second backcross with 
the cultivated parent to produce  BC2F1s. These  BC2F1 plants 
were selfed to produce  BC2F2s (Fig. 1). A representative set 
of 149 (in BP-1 population) and 181 (in BP-2 population) 
 BC2F2s were then phenotyped for 3 years and two locations.
Phenotypic analysis
Mean square and coefficient of variation (CV) for each of 
the studied traits were analyzed in BP-1 population (Table 1) 
and BP-2 population (Table 2). Among the agronomic traits, 
plant height and seed yield per plant in both populations 
have shown the maximum variation in the pooled data analy-
sis across the locations and years. However, the number of 
seeds per pod and primary branches per plant have shown 
least variation in both populations. In BP-1 population, phe-
notypic variance (σ2P) had more pronounced effect on target 
traits as compared to genotypic variance (σ2G) and envi-
ronment* genotype variance (σ2E * G) (Table 1). In BP-2 
population, other than the plant height and yield per plant, 
all other traits have shown nonsignificant differences among 
σ2P, σ2G and σ2E * G values (Table 2). The heritability (H2) 
in BP-1 population ranged from 5.11 (secondary branches 
per plant) to 47.45 (seed weight) (Table 1) and in BP-2 
population 17.35 (number of seeds per pod) to 82.53 (seed 
weight) (Table 2). The phenotyping data analysis suggested 
that agronomic traits measured in BP-2 population had lesser 
phenotype and environment effects on genotype and high 
heritability as compared to BP-1 population. 
GBS‑based SNP discovery
A total of 18.6  Gb (203,115,257 million reads) and 
53.7 Gb (17,228,019,343 million reads) GBS reads were 
generated using HiSeq2500 platform for BP-1 and BP-2 
populations, respectively. The reads from individual prog-
enies ranged from 1009 to 2,634,414 reads in BP-1 popu-
lation (Supplementary Table S1) and 11 to 419,575,017 
reads in BP-2 population (Supplementary Table  S2). 
Also, a total of 2,051,107 (ICPL 87119) and 2,501,773 
(ICPW 15613) reads of BP-1 population parents and 
1,498,201 (ICPL 87119) and 1,868,189 (ICPW 29) reads 
of BP-2 population parents were generated. To identify 
the genome-wide SNPs, TASSEL-GBS pipeline was used 
Table 1  Estimates of broad-sense heritability, genotypic and phenotypic coefficients of variation for nine traits in BP-1 population
σ2G, Genetic variance; σ2E * G, environment * genotype variance; σ2E, variance error; σ2P, phenotypic variance; H2, broad-sense heritability
Trait σ2G σ2E * G σ2E σ2P H2 Grand mean Minimum Maximum Range
100 seed weight (gm) 0.12 0.30 0.69 0.25 47.45 9.94 9.02 10.82 1.80
Days to 50% flowering 1.40 1.40 56.68 6.47 21.63 125.06 123.10 127.57 4.46
Days to 75% maturity 1.50 1.80 60.38 6.98 21.49 168.14 165.81 170.90 5.09
Number of pods per plant 0.52 3.66 7.68 2.59 20.05 13.79 10.96 17.02 6.05
Number of seeds per pod 0.00 0.00 0.01 0.00 13.11 1.84 1.80 1.87 0.07
Plant height (cm) 31.70 62.40 396.37 80.33 39.46 149.72 133.32 163.28 29.96
Primary branches per plant 0.00 0.03 0.13 0.03 15.66 2.85 2.54 3.05 0.50
Secondary branches per plant 0.01 0.26 0.57 0.16 5.11 4.43 3.90 5.07 1.17
Yield per plant (gm) 36.93 46.35 886.32 207.82 17.77 49.12 37.69 68.53 30.84
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with sequence data for all parents along with respective 
lines. As a result, 148,487 SNPs in BP-1 population 
and 168,056 SNPs in BP-2 population were identified 
(Table 3). Detected SNPs were nonuniformly distributed 
across different Cajanus cajan linkage groups (CcLGs). 
For instance, 4051 (CcLG05) to 32,416 (CcLG11) 
SNPs in BP-1 population and 4547 (CcLG05) to 36,663 
(CcLG11) SNPs in BP-2 population were distributed 
across the linkage groups (Table 3). A total of 101,512 
SNPs from 148,487 SNPs and 64,801 SNPs from 168,056 
SNPs were polymorphic in parental lines of BP-1 popula-
tion and BP-2 population, respectively (Table 3). Poly-
morphic SNPs in parental lines and individual lines were 
subjected to filtering criteria as mentioned in Material 
and methods section. Finally, in BP-1 population 26,006 
SNPs and 134 lines and in BP-2 population 16,052 SNPs 
and 165 lines could be retained for downstream analysis.
Genomic composition of backcross populations
BP‑1 population (ICPL 87119 × ICPW 15613)
A total of 26,006 SNPs from 134 lines were used for inquiry 
of genome composition in BP-1 population. An average of 
2364.18 SNPs were placed in each CcLG. A wide range of 
chromosomal segments from ICPW 15613 (donor parent) in 
different CcLGs across 134 lines were observed (Table 4). 
For instance, in CcLG05, a minimum range of zero to five 
and in CcLG11 maximum range of four to 25 donor chro-
mosomal segments were found across lines (Table 4). The 
average coverage per CcLG of the ICPL 87119 genome by 
the lines was 49.34% with a minimum coverage of 27.97% 
(CcLG05) to maximum coverage of 60.82% (CcLG04). 
These lines carried 4.15% (CcLG04) to 17.34% (CcLG01) 
donor genomes (ICPW 15613) with an average of 10.22% 
per CcLG. In terms of heterozygosity, lines have shown 
33.44% (CcLG08) to 54.99% (CcLG05) with an average of 
40.44% heterozygous genome (Table 4).
Table 2  Estimates of broad-sense heritability, genotypic and phenotypic coefficients of variation for nine traits in BP-2 population
σ2G, Genetic variance; σ2E * G, environment * genotype variance; σ2E, variance error; σ2P, phenotypic variance; H2, broad-sense heritability
Trait σ2G σ2E * G σ2E σ2P H2 Grand mean Minimum Maximum Range
100 seed weight (gm) 0.39 0.23 0.31 0.47 82.53 10.10 7.75 11.70 3.95
Days to 50% flowering 11.86 11.70 8.04 15.45 76.74 129.80 114.38 140.16 25.78
Days to 75% maturity 11.76 15.16 9.34 16.33 72.02 176.01 161.18 187.69 26.52
Number of pods per plant 0.71 0.62 0.80 1.01 70.67 13.04 9.80 16.35 6.55
Number of seeds per pod 0.00 0.00 0.00 0.00 17.35 1.89 1.88 1.90 0.02
Plant height (cm) 70.11 89.85 112.47 101.94 68.77 170.01 142.71 190.65 47.94
Primary branches per plant 0.01 0.02 0.06 0.02 28.11 3.59 3.20 3.84 0.64
Secondary branches per plant 0.04 0.11 0.12 0.09 43.55 3.55 2.83 4.32 1.48
Yield per plant (gm) 36.62 48.73 144.82 68.95 53.11 53.11 36.12 76.61 40.48
Table 3  SNPs detected in 
BP-1 population (ICPL 
87119 × ICPW 15613) and 
BP-2 population (ICPL 
87119 × ICPW 29)
CcLGs BP-1 (ICPL 87119 × ICPW 15613) BP-2 (ICPL 87119 × ICPW 29)
Total Polymorphic 
between parents
After filtering Total Polymorphic 
between parents
After filtering
CcLG01 10,809 6403 1684 12,223 4693 1196
CcLG02 21,212 13,831 3513 24,228 9794 2269
CcLG03 16,233 12,278 3070 18,324 6980 1683
CcLG04 7650 5658 1528 8502 3144 828
CcLG05 4051 2984 963 4547 1675 479
CcLG06 12,467 7374 1848 14,141 5431 1413
CcLG07 11,221 8114 2035 12,580 4878 1281
CcLG08 10,215 7715 1990 11,789 4409 1020
CcLG09 6444 4156 1064 7103 2721 690
CcLG10 15,769 9887 2411 17,956 7151 1620
CcLG11 32,416 23,112 5900 36,663 13,925 3573
Total 1,48,487 1,01,512 26,006 1,68,056 64,801 16,052
742 Theoretical and Applied Genetics (2020) 133:737–749
1 3
BP‑2 population (ICPL 87119 × ICPW 29)
A total of 16,052 SNPs from 165 lines were used for 
inquiry of genome composition in BP-2 population. An 
average of 1459.27 SNPs were placed in each CcLG. Simi-
lar to BP-1 population, a wide range of chromosomal seg-
ments in BP-2 population from ICPW 29 (donor parent) in 
different CcLGs across 165 lines were observed (Table 5). 
For instance, in CcLG05 a minimum range of zero to four 
and in CcLG11 a maximum range of 24–42 donor chro-
mosomal segments were found across lines (Table 5). 
The average coverage per CcLG of the recurrent parent 
genome by the lines was 40.30% with a minimum coverage 
of 30.27% (CcLG08) to a maximum coverage of 55.43% 
(CcLG04). These lines carried 4.55% (CcLG05) to 36.69% 
(CcLG09) donor genomes (ICPW 29) with an average of 
23.63% per CcLG. In terms of heterozygosity, lines have 
shown 29.79% (CcLG09) to 42.39% (CcLG10) with an 
average of 36.07% heterozygous genome (Table 5).
SNP‑based QTL mapping of complex traits
Phenotyping data collected for 3  years (consecutively 
2 years at one location) together with SNP genotyping data 
were used for QTL analysis in BP-1 and BP-2 populations 
implemented in CSSL finder and mixed model approach 
in TASSEL. The significance of QTLs was determined by 
using a threshold with FDR adjusted P values < 0.05. In 
BP-1 population, a total of 86 significant QTLs have been 
detected for all the traits under study with phenotypic vari-
ance explained (PVE) ranging from 12 to 21% (Table 6, 
Supplementary Table S3, Supplementary figure 1). Out 
of a total of 86 QTLs, four were detected for year 1, i.e., 
cropping season 2012–2013 [@ location 1 (Patancheru)], 
60 for year 2, i.e., cropping season 2013–2014 [@ location 
1(Patancheru) and 2 (ARS, Tandur)], and the remaining 22 
for year 3 data, i.e., cropping season 2014–2015 [@ loca-
tion 2 (ARS, Tandur)]. In terms of locations, 47 QTLs were 
detected at location 1 during years 1 and 2 of phenotyping 
and 39 QTLs at location 2 during years 2 and 3 of pheno-
typing. Most of the QTLs were co-localized on CcLG11, 
Table 4  Genome composition 
of BP-1 population based on 
SNP markers
CcLGs # of donor segments % recurrent genome % donor genome % heterozygous genome
Min Max Average Min Max Average Min Max Average Min Max Average
CcLG01 3 13 7.19 14.41 59.56 38.43 6.05 31.09 17.34 24.71 65.66 44.23
CcLG02 5 23 11.16 26.03 65.56 47.61 4.14 21.23 10.27 20.92 61.92 42.12
CcLG03 2 16 7.31 15.98 78.60 55.62 2.34 16.20 7.24 12.57 78.15 37.14
CcLG04 0 10 1.93 15.90 87.46 60.82 0.00 55.05 4.15 7.67 80.92 35.03
CcLG05 0 5 1.99 9.47 44.96 27.97 0.00 38.34 17.03 28.17 74.08 54.99
CcLG06 4 14 8.51 24.20 62.48 44.69 5.79 24.10 12.47 21.47 64.38 42.83
CcLG07 2 12 5.80 13.16 75.95 54.82 2.42 18.62 8.10 15.82 78.15 37.08
CcLG08 2 11 4.78 16.19 81.57 60.38 2.26 12.78 6.18 8.67 79.21 33.44
CcLG09 1 8 4.39 18.16 67.27 45.00 2.18 26.00 14.00 11.43 61.50 41.00
CcLG10 2 11 5.77 30.82 68.80 53.50 2.24 16.70 8.22 20.03 64.09 38.28
CcLG11 4 25 12.31 28.40 75.33 53.87 2.41 33.30 7.40 17.60 66.81 38.72
Table 5  Genome composition 
of BP-2 population based on 
SNP markers
CcLGs # of donor segments % recurrent genome % donor genome % heterozygous genome
Min Max Average Min Max Average Min Max Average Min Max Average
CcLG01 7 17 12.18 23.56 52.24 35.39 13.32 39.14 24.28 16.90 54.28 40.32
CcLG02 15 29 22.12 30.65 56.79 46.12 10.59 33.86 21.83 14.25 50.35 32.05
CcLG03 9 25 17.99 29.53 54.26 40.62 11.33 33.34 24.14 17.78 45.61 35.24
CcLG04 3 10 6.05 23.14 68.48 55.43 5.37 23.45 13.58 10.18 59.96 30.99
CcLG05 0 4 1.46 27.18 73.33 54.28 0.00 23.74 4.55 21.45 60.39 41.17
CcLG06 9 21 15.82 24.44 45.85 33.83 16.00 42.93 30.10 19.86 52.38 36.07
CcLG07 6 17 12.64 23.86 57.08 41.88 10.37 41.56 25.44 16.74 53.71 32.69
CcLG08 8 21 15.15 21.19 45.54 30.27 12.17 52.02 30.71 21.06 57.04 39.01
CcLG09 4 11 7.92 16.50 50.12 33.52 18.39 52.54 36.69 9.75 57.73 29.79
CcLG10 9 19 13.92 19.60 50.04 34.76 12.03 39.63 22.85 25.58 59.48 42.39
CcLG11 24 42 32.85 29.81 51.42 37.22 16.52 34.71 25.70 20.10 48.92 37.08
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i.e., 51.2% (44/86). The lowest number of QTLs were found 
on CcLG01 and CcLG09, with one QTL each. It has been 
observed that many identified QTLs in 1 year/location were 
environment specific and showed relatively weak or no asso-
ciations in the other year/location. In the case of BP-2 popu-
lation, a total of 107 significant QTLs have been detected for 
all the traits under study with PVE ranging from 11 to 29% 
(Table 6, Supplementary Table S4, Supplementary figure 2). 
Out of a total of 107 QTLs, 23 were detected for year 1, i.e., 
cropping season 2012–2013 [@ location 1 (Patancheru)], 
73 for year 2, i.e., cropping season 2013–2014 [@ location 
1(Patancheru) and 2 (ARS, Gulbarga)], and the remaining 11 
for year 3 data, i.e., cropping season 2014–2015 [@ location 
2 (ARS, Gulbarga)]. In terms of locations, 67 QTLs were 
detected at location 1 during year 1 and 2 of phenotyping 
and 40 QTLs at location 2 during year 2 and 3 of phenotyp-
ing. Most of the QTLs were co-localized on CcLG07, i.e., 
40.18% (43/107). However, the minimum number of QTLs 
(one) was found on CcLG05. The identified QTLs were also 
classified as stable (present in more than one locations) and 
consistent QTLs (present in more than 1 year). For both 
populations, details on QTLs identified have been explained 
below.
QTLs for days to 50% flowering
From the total identified QTLs, ~ 28% QTLs were detected 
for days to 50% flowering. In BP-1 population, only five 
QTLs (two in year 1 and three in year 2) with PVE rang-
ing from 12 to 16% were identified. In BP-2 population, 49 
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Fig. 2  Manhattan plot of the BP-2 population (ICPL 87119 × ICPW 
29) showing genomic regions with QTLs for days to 50% flowering. 
Gray represents all SNPs. Similarly, green circles represent signifi-
cant MTAs at 0.05, while red circles represent significant MTAs at 
0.01 P value
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QTLs were detected for days to 50% flowering with PVE 
ranging from 12 to 29%. From these, 43 QTLs (14 QTLs 
at ARS, Gulbarga, and 29 QTLs at Patancheru) were pre-
sent in years 2013–2014 (Fig. 2). Remaining six QTLs were 
present at ARS, Gulbarga, in year 2014–2015. Across loca-
tions 1 and 2, four stable QTLs were identified. From all the 
54 QTLs detected, only six QTLs in BP-2 were consistent 
(Table 7).
QTLs for days to 75% maturity
In BP-2 population, 23 QTLs with PVE ranging from 11 
to 26% were identified. From these QTLs, 20 were identi-
fied in year 2013–2014 (15 at ARS, Gulbarga, and five at 
Patancheru). Only three QTLs could be identified in year 
2014–2015 at ARS, Gulbarga. Across locations 1 and 2, 
three stable and consistent QTLs were identified.
QTLs for number of primary branches per plant
A total of 26 QTLs (25 in BP-1 population and one in BP-2 
population) with PVE ranging from 13 to 21% were identi-
fied. In BP-1 population, all the 25 QTLs were present in 
year 2013–2014 (24 at Patancheru and one at ARS, Tandur), 
whereas in BP-2 population, only one QTL was detected in 
year 2014–2015 at ARS, Gulbarga.
QTLs for number of secondary branches per plant
In BP-1 population 13 QTLs with PVE ranging from 14 to 
15% were detected. The maximum number of QTLs, i.e., 
11 QTLs, was found on CcLG11 and the remaining two on 
CcLG02. These QTLs were present in year 2013–2014 at 
ARS, Tandur. In BP-2 population, only one QTL was present 
on CcLG07 in year 2014–2015 at ARS, Gulbarga.
QTLs for seed weight per plant
Only one QTL in BP-1 population and 21 QTLs in BP-2 
population with PVE ranging from 12 to 28% were detected. 
From the total QTLs identified in BP-2 population, seven 
QTLs were found to be consistent across years 2012–2013 
and 2013–2014 at Patancheru location.
QTLs associated with more than one trait
Only one SNP (S2_7683317) on CcLG02 was found to be 
associated with more than one traits in BP-1 population, i.e., 
with seed yield per plant (PVE ~ 15%) and pods per plant 
(PVE ~ 16%) (Supplementary Table S3). However, in BP-2 
population, 11 QTLs were associated with more than one 
trait. Importantly, the SNP S7_14185076 (on CcLG07) was 
concomitantly associated with days to 50% flowering, days 
Table 7  Stable and consistent 
QTLs identified in BP-2 
population
Trait MTAs Location
Patancheru ARS, Gulbarga
2012–2013 2013–2014 2013–2014 2014–2015
Days to 50% flowering S2_20166271 – – Yes Yes
S7_14185076 – Yes Yes Yes
S7_14276210 – Yes Yes -
S7_14775218 – Yes Yes -
S7_17156984 – Yes Yes -
S7_17744567 – Yes Yes -
S7_6897487 – Yes Yes Yes
S7_9191635 – Yes Yes Yes
S11_22788684 – Yes Yes Yes
S11_24158029 – - Yes Yes
Days to 75% maturity S7_6897487 – Yes Yes Yes
S7_9191635 – Yes Yes Yes
S11_22788684 – Yes Yes Yes
Seed weight per plant S6_19362124 Yes Yes – –
S6_19414531 Yes Yes – –
S6_19532741 Yes Yes – –
S6_19532818 Yes Yes – –
S8_62044 Yes Yes – –
S8_648217 Yes Yes – –
S8_724256 Yes Yes – –
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to 75% maturity, primary branches per plant and secondary 
branches per plant, which accounted for 11.9–28% PVE. 
The remaining ten QTLs were found to be associated with 
only two traits, i.e., days to 50% flowering and days to 75% 
maturity. Four (S7_14185076, S7_6897487, S7_9191635 
and S11_22788684) out of 11 QTLs have shown consist-
ent and stable behavior, whereas other four (S7_14276210, 
S7_14775218, S7_17156984 and S7_17744567) QTLs 
have just shown stable behavior. One QTL (S11_24158029) 
was consistent at location 2. The remaining two QTLs 
(S7_2665107 and S9_46575) were either location/year 
specific or associated with different traits in different years 
(Supplementary Table S5).
Discussion
Yield is the primary requirement for pigeonpea grow-
ers. However, it is the most complex trait for the genetic 
improvement of the crops. In the case of pigeonpea, a num-
ber of traits have been found to be involved in realizing the 
final yield of a plant, which include secondary branches per 
plant, number of pods per plant, number of seeds per pod, 
etc. The wild species of pigeonpea have shown many favora-
ble unutilized variations for diseases and insect resistance 
as well as for the yield-related traits (Saxena et al. 2018a). 
However, the major concern to utilize the wild species is to 
selectively transfer useful variations while avoiding link-
age drag. In the present scenario, this can be achieved with 
molecular breeding strategies (Saxena et al. 2015).
Interspecific crosses are important in introducing novel 
variations into the cultivated genotypes, specifically if the 
genetic variation for the desired trait is not available in the 
cultivated germplasm. In pigeonpea, the wild species have 
been used to transfer alleles for high protein content, insect 
resistance, new plant type to the cultivated types and also in 
developing cytoplasmic male sterility system (Saxena et al. 
2018a). The yield potential of elite pigeonpea varieties can 
further be improved when such superior alleles from wild 
species are transferred into elite cultivars. Thus, backcross 
populations provide an opportunity for the efficient use of 
the genetic potential of the wild species (Tanksley and Nel-
son 1996). The use of ILs derived from interspecific back-
cross populations with better yield per se or yield-related 
traits can be one of the key strategies for improving pigeon-
pea yield. In the present study, two backcross populations 
developed (Sharma and Upadhyaya, 2016) with two rounds 
of backcrossing and two cycles of selfing were used for 
further evaluation. Advanced generations  (BC2F2) selected 
for the present study were fully fertile. The presence of a 
uniform background in backcross lines with different donor 
segments allowed us to estimate the introgressed and native 
alleles. Both the populations have shown a large range of 
variability for the yield-related traits. These populations 
were used to dissect genetic architecture of the yield-related 
traits in this study and will serve as a vital genomic resource 
for pigeonpea breeding and QTL fine mapping.
In the present study, GBS was used for the generation of 
high-density marker data in both the populations. Imputa-
tion of missing alleles in GBS data was carried out with 
the help of WGRS data available (Kumar et al. 2016) on 
parental lines following Saxena et al. (2017a, c, 2018a). The 
number of polymorphic markers identified in specific com-
binations of parents was highest as compared to previous 
markers-based studies on biparental mapping populations 
in pigeonpea (Yang et al. 2011; Gnanesh et al. 2011; Sax-
ena et al. 2012, 2017a, c, 2018a; Bohra et al. 2011, 2012). 
For instance, a minimum 52 to a maximum of 3941 mark-
ers were polymorphic in different parents’ combinations of 
mapping populations in pigeonpea (Bohra et al. 2011; Sax-
ena et al. 2017a). However, between parents of BP-1 and 
between parents of BP-2, 101,512 and 64,801 markers were 
polymorphic, respectively. Even after applying stringent fil-
tering criteria, 26,006 and 16,052 markers in BP-1 and BP-2 
were retained for further analysis, respectively. The filtered 
sets of markers were also many folds higher as compared 
to previously identified total polymorphic markers (filtered 
or unfiltered) (Yang et al. 2011; Gnanesh et al. 2011; Bohra 
et al. 2011, 2012; Saxena et al. 2012, 2017a, c, 2018a). This 
shows the usefulness of GBS approach for developing high-
density genotyping data. The genetic divergence between 
crossing parents used in the present study might have also 
played an important role in identification of higher num-
ber of polymorphic markers. Nonetheless, we would expect 
more variation, greater disruption of recombination, etc., 
between parents of BP-1 than between parents of BP-2. This 
was due to the genetic closeness of C. cajanifolius with culti-
vated pigeonpea as compared to any other wild species (Sax-
ena et al. 2014; Varshney et al. 2017). Consistent with this 
hypothesis, the higher number of polymorphic markers was 
identified in parents of BP-1 (101,512 SNPs) as compared 
to BP-2 (64,801 SNPs). Thus, the high-density genotyping 
data generated make it possible to define the size and posi-
tions of donor and background introgressions and to iden-
tify small donor introgressions that might have missed using 
lower density marker datasets. In both BP-1 (49.34%) and 
BP-2 (40.30%) populations, the average recurrent genome 
recovered was far below the expected theoretical percentage 
in  BC2 generation line (87.5%). The average donor genome 
in BP-1 (10.22%) was quite similar to the expected value 
(12.5%). In contrast to BP-1, segments of donor genomes 
were higher in BP-2 (23.63%). The deviation from the 
expected values of recurrent and donor genomes in BP-1 
and BP-2 may be partly due to genome coverage by GBS 
which takes random sites of genome (Elshire et al. 2011) and 
possibly because the populations used for selection during 
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the development cycles were not large enough to enable us 
to identify all the combination of target introgression(s) 
from the donor parent in the genetic background of recur-
rent parent.
Backcross populations generated using wild species of 
pigeonpea were not found appropriate for generating the 
genetic maps due to segregation distortion, which might 
be the result of the selection of the target traits during the 
generation advancement. Many alleles have shown segre-
gation distortion across the 11 CcLGs in both BP-1 and 
BP-2. The severe segregation distortion in backcross pop-
ulations developed using wild species is also observed in 
barley (Mora et al. 2016), cotton (Li et al. 2018), rice (Xu 
et al. 1997), potato (Manrique-Carpintero et al. 2016), etc. 
Therefore, as proposed by Malosetti et al. (2011) for such 
populations with segregation distortion, kinship matrix was 
used for QTL identification. Additionally, the GBS method 
is prone to large amount of missing data and heterozygous 
calls (Swarts et al. 2014), which further exaggerate segrega-
tion distortion issue. Most of the identified QTLs in BP-1 
and BP-2 were environment specific. These findings are con-
sistent with the previous pigeonpea studies (Saxena et al. 
2017a, c), in which most of the QTLs for different traits 
varied between environments. It might be due to the inher-
ent nature of pigeonpea crop which is photoperiod as well 
as temperature-sensitive crop and whose phenology changes 
with the environmental conditions. Therefore, it is recom-
mended to breed varieties with high agronomic performance 
for specific regions. However, stable and/or consistent QTLs 
were also detected for three traits (days to 50% flowering, 
days to 75% maturity and seed weight) in BP-2. Moreover, 
11 QTLs were associated with more than one trait in BP-2. 
Interestingly, eight QTLs on CcLG07 were associated with 
days to 50% flowering and days to 75% maturity. Out of 
these eight QTLs, three QTLs had negative and five QTLs 
had positive additive genetic effects. The negative additive 
effect revealed maternal parent, and positive additive effect 
showed paternal parent as the source of alleles. In BP-1 and 
BP-2, 27 and 51 QTLs have shown positive additive genetic 
effects, respectively, for targeted traits. These QTLs can be 
considered as novel and useful QTLs as the favorable alleles 
have been contributed from the wild species. The SNP 
“S7_14185076” has been found to be associated with four 
traits, namely days to 50% flowering, days to 75% maturity, 
primary branches per plant and secondary branches per plant 
with positive additive effect. These results have shown the 
importance of interspecific backcross populations in bring-
ing/combining favorable alleles for the target traits, espe-
cially for days to 50% flowering and days to 75% maturity. 
Moreover, few lines from these backcross populations have 
also been selected based on their performance for yield and 
disease resistance at different locations (data have not pro-
vided) and were incubated in varietal release program of All 
India Coordinated Research Project on Pigeonpea (AICRP-
Pigeonpea), Indian Council of Agricultural Research, India. 
For instance, ICPL 1028 (AGL-124), ICPL 15031(AGL-
141), ICPL 15048 (AGL-870) from BP-1 population were 
recommended by AICRP- Pigeonpea and AGL-870 from 
BP-1 population and ICPL 15061 (AGL-1896), ICPL 15067 
(AGL-2217), AGL-1640 from BP-2 were recommended in 
state-level technical program of Professor Jayashankar Tel-
angana State Agricultural University, Telangana, India, for 
commercial cultivation. Apart from these, AGL-2240 and 
AGL-1891 from BP-2 population also yielded higher than 
checks in station trials at Professor Jayashankar Telangana 
State Agricultural University (data have not provided). In 
summary, this study has provided several lines for varietal 
release and useful information for marker-assisted selection 
(MAS) for yield-related traits. Identified significant QTLs 
after validation can be used for developing high-yielding 
pigeonpea lines with synchronized flowering and maturity.
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